The ecological processes underlying locust swarm formation are poorly understood. Locust species exhibit phenotypic plasticity in numerous morphological, physiological and behavioural traits as their population density increases. These density-dependent changes are commonly assumed to be adaptations for migration under heterogeneous environmental conditions. Here we demonstrate that densitydependent nymphal colour change in the desert locust Schistocerca gregaria (Orthoptera: Acrididae) results in warning coloration (aposematism) when the population density increases and locusts consume native, toxic host plants. Fringe-toed lizards (Acanthodactylus dumerili (Lacertidae)) developed aversions to highdensity-reared (gregarious-phase) locusts fed Hyoscyamus muticus (Solanaceae). Lizards associated both olfactory and visual cues with locust unpalatability, but only gregarious-phase coloration was an e¡ective visual warning signal. The lizards did not associate low rearing density coloration (solitarious phase) with locust toxicity. Predator learning of density-dependent warning coloration results in a marked decrease in predation on locusts and may directly contribute to outbreaks of this notorious pest.
INTRODUCTION
Increases in local population density can result in the expression of phenotypically plastic traits that transform solitary-living individuals into gregarious, swarm-forming locusts (see Pener (1991) , Pener & Yerushalmi (1998) and Simpson et al. (1999) for recent reviews). One of the most striking components of this transition in the desert locust Schistocerca gregaria (Orthoptera: Acrididae) is a densitydependent nymphal colour change, the function of which has remained unknown despite many years of investigation (Dearn 1990 ). Solitarious-phase S. gregaria juveniles are typically green while gregarious-phase juveniles are usually black with a contrasting yellow or orange background colour (Stower 1959 ) (¢gure 1). Since densitydependent changes from solitarious-to gregarious-phase locusts commonly precede outbreaks, gregarious-phase colour patterns are currently believed to function intraspeci¢cally as visual signals in nymphal aggregation or group cohesion during nymphal marching (Gillett 1973; Gillett & Gonta 1978) . Although visual cues are clearly important in promoting behavioural gregarization (Roessingh et al. 1998) , there is no evidence that gregarious-phase colour patterns per se function as intraspeci¢c visual signals.
The conspicuousness of the gregarious phase logically led to the hypothesis that these colour patterns functioned as warning coloration (Key 1957) , but the consumption and apparent palatability of desert locusts has repeatedly been observed (Hudleston 1958; Ashall & Ellis 1962; Greathead 1966; Ro¡ey & Popov 1968; Stower & Greathead 1969; Gillett & Gonta 1978) . Recently, a study of the related New World species Schistocerca emarginata ( lineata) suggested that host-plant use in the ¢eld might be the key to understanding the warning function of density-dependent colour polyphenism in the Old World desert locust (Sword 1999) . Density-dependent colour change in S. emarginata results in aposematism at high density when the insects have been eating plants that confer gut-content-mediated toxicity to predators. A density-dependent shift from crypsis to conspicuousness by deterrent prey is predicted by aposematic theory (Sword 1999). Here we describe ¢eld-work on the desert locust conducted in Mauritania from October to December 1998 which demonstrates that (i) juvenile locusts become toxic to native predators by feeding on native, toxic host plants, (ii) gregarious-phase coloration can serve as a warning to predators and (iii) the expression of density-dependent warning coloration can result in a substantial decrease in predation on locusts as their population density increases.
METHODS

(a) Lizard collection and maintenance
Fringe-toed lizards (Acanthodactylus dumerili) were collected 5 km west of Nouakchott, Mauritania, from sand dunes adjacent to the Atlantic Ocean and transported to the GTZ ¢eld research station in Akjoujt, 250 km north-east of Nouakchott. A. dumerili prey on S. gregaria in the ¢eld, but neither S. gregaria nor any of the plant species used in this study were present in the lizard habitat. Therefore, the lizards were assumed to be naive with respect to S. gregaria, but not necessarily to warning-coloured prey. Within 24 h of collection, lizards were individually housed in cages constructed from 1.5-l clear plastic water bottles placed on their side. Each cage had a 9 cm Â14 cm hole covered with wire mesh on top and was partially ¢lled with sand providing a natural substrate for the lizards. Each lizard was then fed ¢ve house £ies (Musca domestica (Diptera: Muscidae)), provided with water ad libitum and used in the palatability assay the next day. The cages were illuminated overhead with 60 W incandescent light bulbs in a room at a temperature ranging from 32^35 8C during the day to 23^27 8C at night. The photoperiod was maintained by turning on the lights from 09.00 to 17.00 with approximately 2 h of dawn and dusk entering through a partially covered southfacing window.
(b) Palatability assay
Third-instar, gregarious-phase juveniles laboratory reared on seedling wheat were fed single plant diets of either Heliotropium bacciferum (Boraginaceae), Hyoscyamus muticus (Solanaceae), Schouwia purpurea (Brassicaceae) or Tribulus longipetalus (Zygophyllaceae). Solitarious-phase juveniles were ¢eld collected inYaghref, 115 km north-east of Akjoujt and fed only Hyoscyamus in the laboratory. All insects were fed on treatment diets for at least 24 h, a duration shown to be su¤cient to confer gut-content-mediated deterrence to predators in S. emarginata (Sword 1998 (Sword , 1999 . The plants used in this experiment are commonly consumed by preoutbreak, solitarious-phase S. gregaria in Mauritanian plague recession areas (Ghaout 1990; Ghaout et al. 1991; Culmsee 1997; Louveaux et al. 1998) . Plant cuttings were ¢eld collected one day prior to use and refrigerated at 8 8C. New cuttings were fed daily to the locusts in vials of water to prevent desiccation.
We used a no-choice assay to measure the number of days required for a lizard to attack and consume a gregarious-phase locust fed a speci¢c plant following the prior consumption of a gregarious-phase locust fed the same plant. On the ¢rst day of the experiment (day 0) each lizard was o¡ered a single midthird-instar locust from one of the diet treatments between 10.00 and 11.00 for a 1h period. Lizards consuming the ¢rst locust were then o¡ered another mid-third-instar locust from the same diet treatment each successive day for up to four days, again between 10.00 and 11.00 for a 1h period. Feeding trials were continuously observed in order to detect prey rejection after contact but prior to consumption. This occurred in only two out of 296 lizard locust-feeding bouts and these lizards were removed from the analysis. Regurgitation was never observed. Each lizard was used only once.
(c) General depression of feeding Three follow-up experiments were conducted after the initial palatability assay. In the ¢rst we aimed to determine whether lizards which refused to consume Hyoscyamus-fed, gregariousphase locusts for a second time in the palatability assay were generally unwilling to eat due to illness induced by the toxic locust host plant. This was done by initially feeding lizards a Hyoscyamus-fed, gregarious-phase locust and then o¡ering a £y rather than another locust as the subsequent meal on the following day.
(d) Olfactory cues
We conducted the second follow-up experiment to determine whether the lizards used olfactory cues to select their prey. In this experiment, locust colour was held constant as in the initial palatability assay, but the locust diet was varied between the ¢rst and second lizard^locust encounter. Lizards were initially fed a gregarious-phase, Hyoscyamus-fed locust, but the next day they were o¡ered a gregarious-phase locust fed Heliotropium instead of Hyoscyamus.
(e) Visual cues
The ¢nal follow-up experiment was designed to determine whether the lizards used visual cues to discriminate between their prey. This time we varied locust coloration relative to the initial palatability assay, but held the locust diet constant to control for plant-related olfactory cues. This was achieved by o¡ering green, solitarious-phase, Hyoscyamus-fed locusts to the lizards as both the initial meal and the subsequent meal on the following day.
(f) Data analysis
The proportion of lizards accepting and rejecting a second locust one day after their initial locust meal was compared between di¡erent host-plant treatments using a Monte Carlo contingency table procedure (Engels 1988 ) since some cell values were less than ¢ve. In all three follow-up experiments, the number of lizards accepting and rejecting prey one day after consuming the initial prey was compared to the same data for lizards encountering gregarious-phase, Hyoscyamus-fed locusts in the palatability assay with Fisher's exact test.
RESULTS
(a) Palatability assay
A desert locust's diet a¡ects its palatability to predators. A large percentage of lizards that initially ate gregariousphase locusts fed Heliotropium (73%, n 15), Schouwia (87%, n 15) or Tribulus (94%, n 16) consumed another gregarious-phase locust fed the same plant on the following day. In contrast, only 33% (n 30) of lizards which ate a Hyoscyamus-fed, gregarious-phase locust consumed another Hyoscyamus-fed, gregarious-phase locust the next day (p50.001). More than one-third of the lizards completely refused to eat another Hyoscyamus-fed locust even after four days of food deprivation (¢gure 2).
(b) General depression of feeding
The failure of the lizards to eat locusts again following experience with Hyoscyamus-fed nymphs was not due to a Figure 1 . Examples of solitarious-phase (top) and gregariousphase (bottom) desert locust juveniles. Original drawings taken from Stower (1959) and used with permission from the National Resources Institute, University of Greenwich.
general reduction in feeding as a result of illness induced by the toxic host plant. All but one of the lizards (96%) that initially consumed a gregarious-phase, Hyoscyamusfed locust accepted a £y as a subsequent meal the next day. This was contrary to the pattern of prey rejection exhibited by lizards in the palatability assay which received gregarious-phase, Hyoscyamus-fed locusts during both the initial and subsequent prey encounters (n 27 and p50.0001; ¢gure 3a,b).
(c) Olfactory cues
The lizards used olfactory cues to select their prey. Twenty-seven per cent of the lizards that initially consumed a gregarious-phase, Hyoscyamus-fed locust rejected a gregarious-phase, Heliotropium-fed locust the following day. This pattern of prey rejection was contrary to that observed in the palatability assay where the lizards received only gregarious-phase, Hyoscyamus-fed locusts as both their initial and subsequent prey (n 29 and p 0.002; ¢gure 3a,c).
(d) Visual cues
The lizards used visual cues to discriminate against Hyoscyamus-fed locusts, but the gregarious-phase colour patterns were more e¡ective than the solitarious-phase colour patterns as visual warning signals. Only 14% of the lizards that initially ate a solitarious-phase, Hyoscyamus-fed locust rejected a similar locust the following day. This pattern of prey rejection was contrary to that exhibited by lizards in the palatability assay which had received gregarious-phase, Hyoscyamus-fed locusts during both prey encounters (n 22 and p 0.0005; ¢gure 3a,d ).
DISCUSSION
Host-plant use by the desert locust clearly a¡ects its palatability to predators. Although the role of locust diet in conferring deterrence to predators was relatively simple to demonstrate, this e¡ect has been entirely overlooked throughout the modern history of desert locust biology. This observation allows us to ascribe an adaptive function to desert locust density-dependent, colour polyphenism for the ¢rst time. Our new understanding of the biological role of desert locust colour change may itself substantially in£uence our understanding of desert locust population dynamics.
After only a single trial, Acanthodactylus lizards with previous experience rejected desert locust nymphs which had been eating Hyoscyamus, but not Schouwia, Heliotropium or Tribulus (¢gure 2). Hyoscyamus and other members of the Solanaceae contain a number of neurotoxic alkaloids including hyoscyamine, atropine and scopolamine. These compounds are anticholinergic and exhibit a number of central and peripheral nervous system e¡ects in vertebrates including respiratory arrest. In humans, these compounds can also induce hallucinations, stupor and coma (Chan et al. 1994; Muller 1998) . Predators that ingest locusts fed Hyoscyamus may be subject to the detrimental physiological e¡ects of their prey's gut contents.
In our palatability assay, the failure of the lizards to eat a second gregarious-phase, Hyoscyamus-fed locust was due to behavioural choice rather than to the residual toxicological e¡ects of Hyoscyamus ingestion. Lizards that previously consumed gregarious-phase, Hyoscyamus-fed locusts accepted £ies signi¢cantly more often than they accepted gregarious-phase, Hyoscyamusfed locusts (¢gure 3a,b). Thus, the lizards were not too ill to eat the following day, but rather they had learned to avoid Hyoscyamus-fed, gregarious-phase locusts.
Although the lizards developed aversions to Hyoscyamusfed locusts, Heliotropium, Schouwia and Tribulus should not be ruled out as toxicity-conferring host plants. Schouwia, for example, contains at least four glucosinolates known to be toxic to vertebrates (Ghaout et al. 1991) . The extremely conservative palatability assay employed in this study investigated only single-trial learning following the consumption of a single locust. Predators may require multiple trials to develop aversions to conspicuous prey Figure 3 . Gregarious-phase coloration is an e¡ective warning signal, whereas solitarious-phase coloration is not. The bars depict the percentage of lizards rejecting prey one day after experience with Hyoscyamus-fed locusts. The prey sequences were as follows: (a) gregarious-phase, Hyoscyamus-fed juveniles as both the initial and subsequent prey from ¢gure 2 (included for comparison), (b) gregarious-phase, Hyoscyamus-fed juveniles followed by a £y, (c) gregarious-phase, Hyoscyamus-fed juveniles followed by gregarious-phase, Heliotropium-fed juveniles, and (d ) solitarious-phase, Hyoscyamus-fed juveniles as both the initial and subsequent prey.
and consuming more than one locust per trial could increase the dosage of ingested plant compounds to toxicity-inducing levels (Guilford 1990) .
Acanthodactylus lizards learned to avoid gregariousphase, Hyoscyamus-fed locusts, but what sensory cues did they use ? The lizards did not select locusts based on taste because they rarely rejected locusts after initial contact (only two out of 296 encounters). In this study, the regurgitation of gut contents was not e¡ective in eliciting rejection prior to consumption, as has been demonstrated in other studies of predation on grasshoppers (Eisner 1970; Lymbery & Bailey 1980; Ortego et al 1997; Sword 1998) . Since the decision by the lizards to attack and consume a locust on the second day of our palatability assay was occurring prior to contact with the locust, we investigated the e¡ects of both olfactory and visual cues on locust predation by lizards.
The lizards were able use olfactory cues to select their prey. In our olfactory cue, follow-up experiment we held locust coloration constant by using only locusts with gregarious-phase coloration, but we varied the diet of the locusts o¡ered to the lizards between encounters. Following an initial experience with Hyoscyamus-fed locusts, lizards were signi¢cantly more likely to attack and consume subsequent locusts fed Heliotropium than those fed Hyoscyamus (¢gure 3a,c). Since the lizards were not tasting the locusts prior to rejection and locust coloration was not varied, this suggests that the lizards were using host-plant-related olfactory cues to discriminate between locusts fed di¡erent plants. This ¢nding further supports the contention that olfactory cues are important factors in prey selection by actively foraging lizards (Cooper 1990 (Cooper , 1994 .
The lizards also used visual cues to select their prey, but more readily associated locust toxicity with gregariousphase as opposed to solitarious-phase coloration. In our visual cue, follow-up experiment, we controlled for olfactory cues by holding the locust diet constant and varying only locust coloration between treatment groups. When solitarious-phase (green), Hyoscyamus-fed locusts were o¡ered to the lizards as both the initial and subsequent prey items, the lizards failed to associate solitarious-phase coloration with prey toxicity. Most (82%) of the solitarious-phase, Hyoscyamus-fed locusts o¡ered as a subsequent meal were consumed the next day (¢gure 3d ). This sharply contrasted with the response of lizards which received gregarious-phase, Hyoscyamus-fed locusts during both prey encounters. In this case, a majority (67%) of the locusts were rejected the following day (¢gure 3a). Thus, when the desert locust becomes toxic to predators by consuming toxic host plants, gregarious-phase coloration is more e¡ective as a warning signal than solitariousphase coloration. This result is consistent with other studies which have shown that vertebrate predators more readily learn to avoid conspicuous unpalatable prey than cryptic unpalatable prey (Guilford 1990) . It is important to note that, in this study, predator learning of densitydependent warning coloration resulted in a 4.9-fold decrease in predation on gregarious-phase relative to solitarious-phase locusts (¢gure 3a,d ).
These ¢ndings suggest that desert locust phase coloration is the result of selection for warning coloration in heterogeneous environments (di¡erent population densities) and that the colour change itself may directly in£uence the dynamics of outbreaks. Predation by vertebrates is a strong desert locust mortality agent, particularly in small populations (Stower & Greathead 1969) . S. gregaria is broadly polyphagous (Husain 1946 ) and crowding on host plants can induce colour change (Uvarov 1966; Boua|« chi et al. 1996) . Under favourable breeding conditions, the expression of density-dependent warning coloration in localities with toxicity-conferring host plants would be expected to reduce predation as population sizes begin to increase. This destabilization of local predator^prey interactions could facilitate further population growth and gregarization which can ultimately lead to outbreaks. Conversely, density-dependent aposematism in localities with toxic plants may also reduce population extinction rates in the face of population decline. Under deteriorating environmental conditions, congregation by juveniles on remaining toxicity-conferring food sources could result in the expression of density-dependent aposematism. The expected reduction in predation may allow populations to persist longer in localities with toxicity-conferring plants as favourable environmental conditions recede.
The desert locust's breeding range encompasses an area from West Africa to India; thus, a large number of potential, toxicity-conferring host plants exist. Indeed, the fact that host-plant-mediated toxicity in the desert locust was found in the ¢rst study to look for it suggests that it may be quite widespread. Geographical variation in the plant community composition may make density-dependent aposematism prevalent in certain areas and could account for di¡erential gregarization among localities under favourable environmental conditions. One of our study sites in the Mauritanian recession area 2 km north-west of Akjoujt is a drainage basin known as Lac d' Akjoujt within which a temporary lake can form given su¤cient rainfall. Lac d' Akjoujt commonly harbours a large population of solitariousphase desert locusts. The vegetation in the 3 km 2 region encompassing the centre of the basin is dominated by H. muticus (Culmsee 1997 ) and many parts of Lac d' Akjoujt are nearly a monoculture of this plant. Given that desert locust populations may eat plants in proportion to their availabilities in the habitat (Ghaout et al. 1991) , we would expect a large proportion of locusts at this locality to be toxic to vertebrate predators by virtue of their gut contents. This locality is just one example of many di¡erent habitats that constitute a patchwork of desert locust breeding areas throughout the plague recession area.
In localities such as Lac d' Akjoujt which are dominated by toxicity-conferring plants, environmental conditions favourable for breeding may result in population density increases above the gregarization threshold. This would result in the adaptive expression of density-dependent colour change resulting in aposematism. However, assuming a lack of other functions, density-dependent colour change should be maladaptive in localities without toxicity-conferring host plants, particularly in light of the fact that the cues which trigger gregarization are independent of host-plant chemistry (Roessingh et al. 1998; Simpson et al. 1999) . That desert locusts from source populations in the recession area retain the capacity to exhibit extreme colour polyphenism suggests that gregarization in the recession area more often than not occurs in localities where locusts consume toxicity-conferring plants. There are geographically isolated populations of the desert locust in southern Africa in which the ability to change phase in response to population density is markedly reduced (Uvarov 1966; Harvey 1981) . It is not yet known whether this reduction is associated with hostplant use.
Previous observations of desert locust predation in the ¢eld may have failed to identify the e¡ect of locust diet on palatability because they were made in outbreak populations or those recently derived from outbreaks (Hudleston 1958; Ashall & Ellis 1962; Greathead 1966; Ro¡ey & Popov 1968; Stower & Greathead 1969) . Locusts could have defoliated toxicity-conferring plants or moved into areas lacking such plants prior to these observations. In addition, as demonstrated here, ¢eld observations must follow individual predators for multiple-prey encounters to determine whether they learn to avoid their prey.
Natural selection should shape adaptive reaction norms such that di¡erent phenotypes are expressed under the appropriate environmental conditions (Schlichting & Pigliucci 1998) . We argue that the functional signi¢cance of density-dependent traits in the desert locust is most likely to be apparent at the point of their initial expression, i.e. the transition from solitarious-to gregariousphase populations. Indeed it was this perspective that led us to look for density-dependent aposematism in preoutbreak desert locust populations in the plague recession area. Studies of locust phase polymorphism often consider the functions of gregarious-phase traits in the context of swarming outbreak populations. Investigating the functions and e¡ects of density-dependent traits in outbreak populations may be too late in ecological time.
Recent experimental (Boua|« chi et al. 1996) and modelling (Collett et al. 1998 ) studies focusing on the threshold of phase transition have highlighted the importance of individual locust behaviour and ¢ne-scale habitat structure in desert locust population dynamics. To date these models have considered the ¢ne-scale distribution but not the species composition of the food plants available. Recognizing that density-dependent aposematism is the product of speci¢c tritrophic-level interactions will considerably enhance our understanding of desert locust population regulation. Such an understanding may increase our prospects of combating outbreaks of this ageold pest by targeting monitoring and control e¡orts on regions where natural predators require assistance in regulating desert locust populations. 
